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ABSTRACT
Understanding the nature of spiral structure in disk galaxies is one of the main, and still unsolved
questions in galactic astronomy. However, theoretical works are proposing new testable predictions
whose detection is becoming feasible with recent development in instrumentation. In particular,
streaming motions along spiral arms are expected to induce azimuthal variations in the chemical
composition of a galaxy at a given galactic radius. In this letter we analyse the gas content in NGC 6754
with VLT/MUSE data to characterise its 2D chemical composition and Hα line-of-sight velocity
distribution. We find that the trailing (leading) edge of the NGC 6754 spiral arms show signatures
of tangentially-slower, radially-outward (tangentially-faster, radially-inward) streaming motions of
metal-rich (poor) gas over a large range of radii. These results show direct evidence of gas radial
migration for the first time. We compare our results with the gas behaviour in a N -body disk
simulation showing spiral morphological features rotating with a similar speed as the gas at every
radius, in good agreement with the observed trend. This indicates that the spiral arm features in
NGC 6754 may be transient and rotate similarly as the gas does at a large range of radii.
Keywords: HII regions — Galaxies: abundances — Galaxies: evolution — Galaxies: ISM — Galaxies:
spiral — Techniques: imaging spectroscopy
1. INTRODUCTION
Spiral galaxies are dynamical systems in which their
main components, gas and stars, undergo outward and
inward radial excursions. The reason for this so-called
radial migration has been broadly investigated. For in-
stance, Sellwood & Binney (2002) proposed that stars
and gas close to the co-rotation resonance associated
with the spiral structure experience large changes in
their radial positions. However, this mechanism depends
lsanchez@iaa.es
on the nature of the spiral structure. In classic density
wave theory (Lin & Shu 1964), the spiral arms are as-
sumed to be rigidly-rotating, long-lived patterns that,
as a consequence, present a unique co-rotation radius
at which the spiral arms and stars rotate at the same
speed (and at which radial migration can occur). Julian
& Toomre (1966) proposed a different theory based on
transient and recurrent patterns that form through local
instabilities which are swing amplified into spiral arms.
Sellwood & Binney (2002) claimed that only transient
spiral arms can induce long lasting radial migration, oth-
erwise migrated stars are returned to their initial loca-
tions on horseshoe orbits.
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Although the causes of radial migration remain still
unclear, several simulations have been attempted to un-
derstand this important phenomenon in galaxy evolu-
tion, finding that both gas and stars might be affected
significantly by it (e.g. Minchev et al. 2014; Grand et al.
2015b). In particular, recent simulations have shown
that radial migration can induce azimuthal variations
of the stellar metallicity distribution (Di Matteo et al.
2013; Grand et al. 2016). Regarding the gas content,
streaming motions along the spiral arms have been found
(Grand et al. 2015b; Baba et al. 2016), which could also
produce azimuthal variations of the gas abundance.
Despite significant research attempting to understand
these migration processes, there is currently little obser-
vational evidence for this mechanism in galaxies (Ma-
grini et al. 2016). In particular, only a few studies have
analysed possible azimuthal variations in the gas abun-
dance distribution of spiral galaxies (e.g. Kennicutt &
Garnett 1996; Martin & Belley 1996; Cedre´s & Cepa
2002; Rosales-Ortega et al. 2011; Cedre´s et al. 2012; Li
et al. 2013), without finding variations related to the
presence of the arms. The lack or presence of this kind
of azimuthal trends would not only allow us to assess the
importance of radial migration driven by spiral arms in
shaping these galaxies, but also to shed light onto the
nature of the spiral structure itself. The advent of a new
generation of high spatial resolution instruments such
as VLT/MUSE or ALMA can provide the data quality
needed to bring such constraints within reach.
In this letter we use VLT/MUSE data of NGC 6754,
a galaxy that has shown hints of radial migratory pro-
cesses (Sa´nchez et al. 2015). NGC 6754 is an isolated
barred Sb galaxy slightly inclined (i = 62.6◦, PA = 86◦,
see Sect. 3) located at a redshift of 0.0109 (47 Mpc
assuming a WMAP9 cosmology, Hinshaw et al. 2013).
Here, we undertake a deeper study using 2-D informa-
tion to analyse the residual gas abundance (after remov-
ing the azimuthally averaged radial abundance) and ve-
locity maps of NGC 6754 to search for possible evidence
of gas radial migration as proposed in simulations.
The structure of the letter is organized as follows. Sec-
tions 2 and 3 provide a description of the data and the
analysis required to derive the oxygen abundance and
line-of-sight (LOS) velocity residual distributions. The
presentation of the results and a comparison with simu-
lations focused on the gas content is given in Section 4.
Finally, Section 5 outlines the main conclusions.
2. OBSERVATIONS AND DATA REDUCTION
Observations of NGC 6754 were carried out using the
MUSE instrument (Bacon et al. 2010) as part of the
AMUSING Survey (Galbany et al. 2016). MUSE is an
integral-field spectrograph that provides a large field-of-
view (FoV) of 1′×1′ with a sampling of 0.2′′/spaxel. The
covered wavelength range spans between 4750− 9300 A˚,
with a spectral sampling of 1.25 A˚ and a spectral reso-
lution between 1800− 3600.
Observations were split into two different pointings
consisting of three exposures of 900 seconds and cover-
ing the eastern and western parts of the galaxy under
seeing conditions of 0.8′′ (180 pc) and 1.8′′ (410 pc), re-
spectively. The mosaic was corrected by the effects of
Galactic extinction. Information about the data reduc-
tion can be found in Galbany et al. (2016). The final
dataset comprises almost 200k individual spectra with
a FoV of ∼ 2′ × 1′, covering the entire galaxy up to two
effective radius (re ∼ 6.2 kpc, Sa´nchez-Menguiano et al.
in prep).
3. ANALYSIS
In this study we analyse the full 2-D information of the
ionised gas provided by the data avoiding any binning
schemes (following Sa´nchez-Menguiano et al. 2016). In
this section we briefly summarize the procedure followed
to select the spaxels, analyse their individual spectra
and derive the corresponding LOS velocity and oxygen
abundance distributions and their residual maps. Both
distributions were later deprojected using the position
and inclination angles quoted before, derived by fitting
ellipses of variable ellipticity and PA to the outermost
isophotes of the galaxy in a g-band image recovered from
the data.
3.1. Derivation of the residual abundance map
To measure the emission line fluxes needed to derive
oxygen abundances, we first remove the stellar popula-
tion contribution. We model both the continuum emis-
sion and emission lines using Pipe3D, as described in
Sa´nchez et al. (2016). Briefly, Pipe3D fits each spec-
trum by a linear combination of single stellar popula-
tion templates after correcting for the appropriate sys-
temic velocity and velocity dispersion and taking into
account the effects of dust attenuation (Cardelli et al.
1989). Once the stellar component is subtracted, then
Pipe3D measures the emission lines performing a multi-
component fitting using a single Gaussian function per
emission line plus a low order polynomial function.
We select the spaxels associated with star forma-
tion using well-known diagnostic diagrams, in partic-
ular, that proposed by Baldwin et al. (1981) based on
the [N II] λ6584/Hα and [O III] λ5007/Hβ line ratios,
together with the Kewley et al. (2001) demarcation line.
We have also made use of the so-called WHAN diagram
(WHα versus [N II]/Hα, Cid Fernandes et al. 2011),
based on the equivalent width (EW) of Hα. However,
we have been more restrictive in the EW range, using
a limit of 6 A˚ to guarantee a higher S/N of the emis-
sion lines and remove any contribution coming from the
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Figure 1. 2-D deprojected distributions of the gas oxygen abundance (top left), residual abundance (top right), Hα LOS
velocity (bottom left) and LOS velocity residuals (bottom right). The position ∆X = ∆Y = 0 corresponds to the center of the
galaxy. The location of the spiral arms is marked with open circles. Dashed white circles indicate the three radial positions
R = 4.5, 6.3 and 8.1 kpc of the azimuthal profiles shown in Fig. 2. Top middle panel shows the metallicity gradient (black)
fitted to the azimuthally averaged radial abundances (red) in the linear regime (delimited by the dashed vertical lines, see
Sa´nchez-Menguiano et al. 2016 for further information). Bottom middle panel shows the ionized gas rotation curve (green) with
the 1σ formal errors (light green), together with its smoothed version (polynomial fit, solid line).
diffuse nebular emission.
To obtain the oxygen abundance distribution we adopt
the empirical calibrator based on the O3N2 index de-
scribed in Pettini & Pagel (2004) and the calibration
proposed by Marino et al. (2013). We must note that
these empirical calibrators are based on spectroscopic
data of integrated H ii regions. The seeing conditions of
the observations (0.8′′/1.8′′) do not allow us to spatially
resolve the H ii regions at the redshift of the galaxy,
making possible the use of this calibrator for the analy-
sis.
Finally, the residual map is derived by subtracting the
azimuthally averaged radial abundance to the observed
distribution. These averaged values are measured as the
median of the abundances in the area of the disk out of
the spiral arms (assuming an arm width of 6′′ to ensure
that no arm contamination is considered in the average).
3.2. Derivation of the residual velocity map
Pipe3D also provides LOS velocities from which we
can derive gas velocity maps of the galaxy for each anal-
ysed line. We focus the analysis on the measurements
of the Hα emission line, as it represents the strongest
detected line.
The rotation curve, vθ, and the radial velocity com-
ponent, vR, were obtained by least-square fits of vsys +
(vθ cos θ + vR sin θ) sin i to the observed velocity field,
vobs, assuming constant coordinates of the mass centre,
systemic velocity (vsys), disk position angle and inclina-
tion (matching the photometric parameters). The best-
fit systemic velocity corresponding to these parameters
is 3247± 9 km/s. We sampled the galactocentric radius
using 1′′-rings (230 pc-rings), roughly similar to the see-
ing of the observations. With that sampling, rings are
uncorrelated, and the least-square fits were performed
with at least 70 degrees-of-freedom, so that vR and vθ
are very well constrained (average 1σ formal error of
1.3 km/s). The axisymmetric model velocity field, vmod,
is then the projection of a smoothed version of vθ only
and does not contain the contribution from the fitted
vR. Therefore, the residual LOS velocities defined as
∆v = vobs−vmod, trace the observed non-circular radial
motions, as well as the local departures from axisymme-
try of both vR and vθ (streaming motions caused by the
bar, spiral perturbations, etc.).
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4. RESULTS AND DISCUSSION
We have derived the residual maps of the oxygen
abundance and the Hα LOS velocity distributions of
NGC 6754 in order to study possible asymmetries in
these distributions linked to the spiral structure.
Now, we analyse these observational results, and pro-
vide a comparison to simulations in order to further in-
terpret our findings.
4.1. Asymmetries in the residual abundance and
velocity distributions
In Figure 1 we present the results of our observational
analysis. The top left-hand panel displays the 2-D dis-
tribution of the oxygen abundance and top right-hand
panel displays the residuals after subtracting the az-
imuthally averaged radial abundances (top middle). In
this panel we can see clear differences associated with
the spiral arms (black markers). The bottom left-hand
panel displays the 2-D distribution of the LOS gas veloc-
ity and bottom right-hand panel displays the residuals
after subtracting the LOS projection of the derived rota-
tion model (bottom middle). This map shows a feature
associated to the eastern (left-hand side in this panel)
spiral arm, with its leading part presenting higher ve-
locity residuals than the trailing side. The reason why
this feature is not observed (so clearly) for the western
arm may lie in the lower spatial resolution of the data
covering this half of the galaxy due to the worse seeing
conditions (see Sect. 2). Therefore, below we will focus
on the eastern spiral arm.
Figure 2 displays the azimuthal profiles of both resid-
uals for three different 2′′-wide annuli (centered at
R = 4.5/6.3/8.1 kpc, i.e. 0.7/1.0/1.3re) with a sampling
of 10◦. Around the eastern arm, the azimuthal resid-
ual LOS velocity profiles show a peak located just after
the peak in the light distribution (leading side of the
arm), with an amplitude between ∼ 28− 38 km/s, and
a minimum just before the light peak (trailing side). Re-
markably, these maxima (minima) in the velocity profile
appear together with a decrement (increment) in the az-
imuthal residual abundance profile at all the radii, with
a total amplitude (peak-to-peak) up to 0.09 dex.
In order to interpret these results, in Fig. 3 we show a
g-band image of NGC 6754 superimposed to its observed
Hα velocity map. We consider that the North part of
the galaxy (upper-side in the figure) is closer to us un-
der the assumption of trailing spiral arms (Hubble 1943)
and taking into account that the eastern part is reced-
ing from us. In that case, positive (negative) residual
velocities indicate radially-inward (outward) motions of
the gas and tangentially-faster (slower) motions of the
gas for the eastern spiral arm. Thus, the positive veloc-
ity residuals displayed by NGC 6754 in a wide exten-
Figure 2. Azimuthal profiles of the light (black dashed),
oxygen abundance residuals (blue, left-hand y-axis) and Hα
LOS velocity residuals (red, right-hand y-axis) at three dif-
ferent radii (shown in Fig. 1). The position of the spiral arms
is marked with the bold dashed line. Mean errors in the az-
imuthal profiles are denoted by the vertical lines in the mid-
dle panel. The angles are measured counter-clockwise from
the positive Y-axis in Figure 1.
sion of the leading part of the eastern arm can be inter-
preted either as gas moving radially-inward, gas moving
tangentially-faster, or a combination of both. Following
a similar reasoning, the negative velocity residuals in the
trailing part can be the result of gas moving radially-
outward, gas moving tangentially-slower, or both. The
asymmetries found in the metallicity residuals are in
agreement with a transport of metal-rich gas from the
inner disk towards the outer regions at the trailing-side
of the spiral arm and more metal-poor gas from the
outer disk towards the inner ones at the leading-side,
which is strikingly consistent with the velocity asymme-
tries mentioned above. These trends are observed at all
three radii, which indicates the strong evidence of the
radial migration happening in a large radial range.
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Figure 3. g-band image of NGC 6754 superimposed to the observed Hα velocity map, with red (blue) color denoting the
receding (approaching) part of the galaxy. The black arrows indicate the direction of rotation (assuming trailing spiral arms).
Radially-inward/tangentially-faster and radially-outward/tangentially-slower motions of the gas along the arms (outlined by
open circles) are indicated with red and blue arrows, respectively (see text for a detailed explanation).
4.2. Comparison with simulations
In order to investigate the behaviour of the gas from
a theoretical perspective, in this section we study an
isolated Milky Way-sized disk galaxy simulated using
the N -body smoothed particle hydrodynamics (SPH)
GCD+ code. Details of the code are available in Kawata
& Gibson (2003) and Kawata et al. (2013). In partic-
ular, we analyse the simulation labelled K14 in Grand
et al. (2015a), which is similar in size to NGC 6754. For
this analysis, we focus on a single snapshot of the galaxy
that displays a clear bar and two-armed spiral structure,
and shows clear radial migration of the gas around the
spiral arm (Kawata et al. 2014; Grand et al. 2015b). The
rotation axis and the angle of the spiral arm have been
chosen to match the characteristics of NGC 6754.
The azimuthal analysis of the gas content in this sim-
ulated galaxy was performed in a similar way as in
NGC 6754. Figure 4 (right-hand panel) shows the az-
imuthal profiles of the mass density (black), residual
metallicity (red) and residual LOS velocity (blue) for as-
sumed i = 63◦. The mass density distribution shows a
clear peak below 200◦, which represents the eastern spi-
ral arm. As the western (right-hand side) arm is much
weaker, especially in the outer radii in this particular
simulation snapshot, we will focus on the stronger east-
ern (left-hand side) arm to compare with the trends ob-
served in NGC 6754. Consistent with the observations,
the residual LOS velocity (metallicity) is lower (higher)
on the trailing side of the spiral, while the trend is re-
versed on the leading side, i.e., residual LOS velocity
(metallicity) is higher (lower) than the average values
at the three analysed radii matching those chosen for
Figure 2.
The simulations allow us to analyse separately the ra-
dial and tangential components of the LOS velocity. The
left-hand panels of Fig. 4 display face-on maps of the
residuals of the gas metallicity (top) and tangential ve-
locity field (middle) from the analysed simulation after
subtracting the azimuthally averaged values at each ra-
dius. In addition, the radial velocity field map is shown
in the bottom panel. We can see that the tangential
velocity is slower on the trailing side of the eastern spi-
ral arm and faster on the leading edge with respect to
the general rotation, whereas the radial velocity points
outward on the trailing side and inward on the leading
edge. The metallicity map shows the presence of metal-
rich (poor) gas particles on the trailing (leading) side of
the spiral arm. The combination of both tangential and
radial velocity behaviours creates a streaming motion
that, along with the well-known negative gas metallic-
ity profile of disks (e.g. Searle 1971; Martin & Roy 1992;
Sa´nchez et al. 2014), cause metal-rich (poor) gas to move
towards the outer (inner) regions at the trailing (lead-
ing) side of the spiral arm in a large radial range.
5. CONCLUSIONS
In this letter we have analysed azimuthal variations of
the gas metallicity and velocity residuals in NGC 6754
using AMUSING data (VLT/MUSE).
Studying the eastern spiral arm, located in the half of
the disk with data of higher spatial resolution, the resid-
ual LOS velocity distribution shows a maximum at the
leading side of the spiral arm (larger receding component
in the velocity), with an amplitude of ∼ 30 km/s, and a
minimum at the trailing edge. The residual abundance
distribution is positive at the trailing side and negative
at the leading edge, with a total amplitude (peak-to-
peak) of ∼ 0.1 dex. We note that although NGC 6754
seems to have a companion close by (2MASXJ19112166-
5037339), the linear distance between them (26 Mpc)
suggests that our results cannot be a consequence of in-
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Figure 4. Chemodynamical results from simulations. Left-hand panels: Face-on maps of the residual gas metallicity (top),
tangential residual velocity field (middle) and radial velocity field (bottom) of the simulated galaxy. Contour maps represent
the mass density and the dashed white circles indicate the radial position of the azimuthal profiles. Right-hand panel: Same
plots as in Fig. 2, but here produced from our simulated galaxy.
teraction (see also de Mello et al. 1996).
The spatial resolution of the data is crucial in the
analysis of azimuthal variations. In this study we find
that, in order to be sensitive to the signatures left by ra-
dial migration, we need a spatial resolution of ∼ 200 pc.
Otherwise the signatures are blurred (western arm).
We have also analysed the gas content of a simulated
galaxy (N -body+SPH) which shows a clear radial gas
migration around a spiral morphological feature rotating
at a similar speed as the gas at every radius, showing
the same trends as our observations. In light of these
results, we claim that NGC 6754 shows clear signs of
ongoing radial gas migration that produces motions of
metal-rich gas towards the outer regions on the trailing
side of the spiral arm and metal-poor gas towards inner
regions on the leading side.
The analysed simulations show amplitudes for the
residual LOS velocity of ∼ 10 − 20 km/s, lower than
those observed in NGC 6754. The derived values of the
differences in the LOS velocities and metallicities in sim-
ulations depend on several factors, such as the amplitude
and pitch angle of the spiral arms, the underlying metal-
licity gradient, amount of metal mixing, feedback, etc.
Therefore, MUSE observations of various types of spiral
galaxies can provide further constraints on the simula-
tion sub-grid physics.
The fact that these streaming motions are observed
in a wide radial range of the spiral arm (at least 4 kpc)
puts strong constraints on the nature of the spiral struc-
ture. Azimuthal variations in the velocity distribution
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across a classical density wave-like spiral arm have been
suggested by some authors (Minchev & Quillen 2008;
Chemin et al. 2016; Pasetto et al. 2016). However, the
gas motion should show a clear offset from the spiral arm
density peak, and the offset should strongly depend on
the radius, as demonstrated in Baba et al. (2016). Also,
to our knowledge, they do not find azimuthal metallic-
ity variations. On the other hand, N-body simulations
of disk galaxies commonly show spiral arm features in
the morphology whose pattern speeds decrease with ra-
dius (e.g. Wada et al. 2011; Grand et al. 2012; Baba
et al. 2013). These spiral features can result from the
overlap of multiple modes (Comparetta & Quillen 2012),
as often claimed in simulations (Masset & Tagger 1997;
Quillen et al. 2011; Minchev et al. 2012; Sellwood &
Carlberg 2014), which also induce non-linear growth of
their amplitude (Kumamoto & Noguchi 2016). In this
work, we have compared our results with simulations
showing these spiral arm morphological features that are
transient and rotate at a similar speed as the gas at every
radius. Although it is not guaranteed that the nature
of the spiral arms in the observed galaxy is the same as
in the simulations, the consistency found supports this
scenario for spiral structure formation of NGC 6754.
In this work we present, for the first time, clear sig-
natures of ongoing gas radial migration in which metal-
poor gas clouds in the leading side of the arm are moving
radially-inwards and tangentially-faster while radially-
outward and tangentially-slower in the trailing edge.
This is consistent with spiral morphological features
whose pattern speeds decrease with radius.
Our study demonstrates the power of the MUSE data
to aid our understanding of the nature of the spiral arms
and radial migration. Future, high quality MUSE obser-
vations for various types of spiral galaxies will provide
further constraints on the theory of the spiral arms.
Based on observations made with ESO Telescopes at
the Paranal Observatory (programme 60.A-9329(A)).
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Ministerio de Economı´a y Competitividad (AYA2012-
31935), from ‘Junta de Andaluc´ıa’ (FQM-108), and
from the ConaCyt programs 180125 and DGAPA-
IA100815.
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